In the provinces of north China, combined heat and electric power generations (CHP) are widely utilized to provide both heating source and electricity. While, due to the constraint of thermal-electric coupling within CHP, a mass of wind turbines have to offline operate during heating season to maintain the power grid stability. This paper proposes a thermal-electric decoupling (TED) approach to release the energy waste. Within the thermal-electric decoupling system, heat storage and electric boiler/heat pump are introduced to provide an auxiliary thermal source during hard peak shaving period, thus relying on the participation of an outside heat source, the artificial electric power output change interval could be widened to adopt more wind power and reduce wind power curtailment. Both mathematic models and methods are proposed to calculate the evaluation indexes to weight the effect of TED, by using the Monte Carlo simulation technique. Numerical simulations have been conducted to demonstrate the effectiveness of the proposed methods, and the results show that the proposed approach could relieve up to approximately 90% of wind power curtailment and the ability of power system to accommodate wind power could be promoted about 32%; moreover, the heating source is extended, about 300 GJ heat could be supplied by TED during the whole heating season, which accounts for about 18% of the total heat need.
Introduction
With the increasing of wind power penetration, more and more people could enjoy this clean and inexhaustible energy. While, due to intermittency, volatility and difficulty of prediction, the consumption of wind energy is a severe task for the power grid [1, 2] , especially for the areas that require a heat supply. Taking the Jilin Province China, for instance, in order to guarantee the stability of power grid and the sufficiency of heat supply, the whole electric power system's total minimum forced electric power output is close minimum electric load. As a result, the gross wind power curtailment rate is about 23% in recent years and approximately 80% occurring during the heating season in this province [3] . Such a high wind power curtailment rate is not only unacceptable in economic terms but discouraging the positivity of renewable energy development.
At present, types of energy storage techniques, such as pumped energy storage, compressed-air energy storage, flywheels and batteries, plug-in vehicles are widely discussed to avoid wind power curtailment [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . While such kinds of energy storage technologies are all working on the charging-saving-discharging of electricity, and they transform electricity into other forms of energy when the system generation is in excess, and back into electricity when the system load could not be supplied adequately. Thus, a mass of energy is wasted during the two times of energy transformation process.
The concept of heat storage was introduced in [14] for wind power integration. After that, a variety of heat storage techniques have been discussed, especially in Nordic countries. Reference [15] analyzed the economic value of using electric heat boilers and heat pumps as wind power integration measures relieving the link between the heat and power production in combined heat and electric power (CHP). In [16] [17] [18] [19] [20] [21] [22] [23] , the performance of electric boilers and heat pumps were further discussed. The thermal-electric decoupling technique, as a relatively energy-saving way, was introduced in [18] to increase the peak-shaving ability of power systems to accommodate wind power. This technique transforms electricity into thermal energy, as an outside heating source, to provide services for heating load directly. Thus, CHPs could decrease their heating outputs to release more peak load regulating capacity to take part in the system dispatch.
Since energy transformation is only one time, the heat storage techniques, as a promising measure, have been beginning to receive some attention for wind power integration. However, how to evaluate the effects of adding heat storage on wind power curtailment, still needs further investigation. This paper proposes a thermal-electric decoupling approach to decrease the wind power curtailment. Firstly, the tie of thermal-electric coupling of CHP is described. Then, a decoupling scheme is presented and its functional mechanism is analyzed. The calculating method and procedures are given for the calculation of wind power curtailment in Section 3. Finally, case studies are conducted to verify the effectiveness of the proposed method. In this section, the Monte Carlo simulation technique is employed to sample the wind power uncertainties and other system operating conditions.
Problem Statement (Concept of the Thermal-Electric Coupling of CHPs)
In China's north provinces, the combined heat and electric power generations, especially extraction of turbo-generator units, are widely utilized to satisfy the thermal needs during heating season. As shown in Figure 1 , the operating zone of a typical extraction turbo-generator unit is illustrated [24] where, P max and P min and are the maximum and minimum electric power output, respectively. In addition, the heat power output could be interval adjustable control range from 0 to h max When the unit operating on the line AE, it could be treated as a straight condensing turbo-generator unit, whereas, as a back pressure turbo-generator unit when operating on the line of DC. By adjusting the heat extraction volume from the turbine, the typical extraction turbo-generator unit could work between straight condensing mode and back pressure mode, which means the unit could be operated within the area ACBDE. As the policy of "Ordering Power by Heat", a forced minimum heat power output h force is regulated to guarantee the thermal needs during heating season, P F and P G are the maximum and minimum electric power output by the policy, respectively. Indeed, the extraction turbo-generator unit only works within the trapezoid area BCGF, during heating season. Because of the narrow of electric power output adjusting interval, the peak-shaving capability of the CHP unit is limited in the heating season to participate wind power consumption. Regarding the characteristics of wind, the output of wind power presents strong randomness, intermittency, anti-regulatory and volatility. As is shown in Figure 2 , the integration of mass wind power expands the difference of traditional energy power output between peak and valley load period. The anti-regulatory characteristics of wind power leads to a larger requirement of system peak shaping capacity. Moreover, the thermal-electric coupling of CHPs and continuous heating demand restrict the co-generators' power output adjustable interval. Thus, compared with non-heat-season, the occurrence probability of wind power curtailment markedly increases. 
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and P TE,t is the traditional energy power output demand at moment t, which means the difference between system electric load demand P demand,t and wind farm power output P WF,t , P rmin , i is the minimum power output of traditional energy generator i during heat season P r,min is the traditional energy power output changing interval lower boundaries, respectively.
Proposed Schemes to Reduce the Thermal-Electric Coupling of CHPs

Principle of Thermal-Electric Decoupling
During the valley-load period in heating season, because of the heating supply constraint, the CHP units are restricted to a relative high working condition comparatively. Due to the thermal-electric coupling of the CHP unit, the electric power output are also compelled in a relatively high interval, and it shrinks the space acceptance for wind power. Thus, there are two ways that could be adopted to enhance the capacity of wind power integration: one is to reduce CHP unts' minimum required electric power outputs by introducing an outside heating resource to compensate the reduced heating power output of CHPs, and the other way is to accrete additional electric load to boost the electric load level during valley-load period and superfluous wind power directly. Figure 3 illustrates the schematic diagram of the scheme of the thermal-electric decoupling. The heat storage plays a role as an outside heat resource. The heat storage connected with heat supply pipeline in parallel, it absorbs heat medium during peak and ordinary load periods and saves it in insulated tanks, while then feeding it back to the heat supply pipeline to compensate the reduce heating power output of CHP. The electric boiler plays the both roles of outside heating resource and additional electric load. The electric boiler connects with power grid and transforms superfluous electric energy into heating energy. Due to the difference of the heat mediums of the electric boiler and heating system, a heat exchanger is necessary. The heat exchange increases the temperature of heat medium absorbed from the heat return line by the heat generated from the electric boiler, and feeds the high temperature heat medium back to the heat supply line for the heating system. 
Effects of the Analysis of Auxiliary Thermal Sources on CHPs
After participation of heat storage, an outside thermal source, with a maximum heat power output of h sto , is added. Due to the participation of an extra heat power source, the electric power output interval of CHP could be expanded to 
Technical Analysis of Auxiliary Thermal Sources on Wind Power Curtailment
The impact of the participation of thermal-electric decoupling (TED) is shown in Figure 5 , which improves the wind power consumption capacity of the power system during a typical day in the heating season. As is illustrated in Figure 5 and Table 1 , after the integration of mass wind power and the execution of "Ordering Power by Heat" policy during heating season, the lack of system peak shaving capacity has enhanced. Without adopting any measures, wind energy surplus occurs at 1 a.m., 2 a.m., 4 a.m., 11 p.m. and 12 p.m. For the participation of heat storage, the wind power curtailment can be avoided at 4 a.m. and 11 p.m. Proceeding to the next step, the participation of the electric boiler could remit the occurrence of wind power surplus by supplying an outside thermal source. In addition the system load level could be increased to provide more interspace for wind power consumption. Moreover, although all of the measures are adopted, the power surplus at 1 a.m. and power lack at 6 p.m. only could be remitted but avoided. That is the cost of the mass wind power integration. Figure 5 . A sketch map of reverse peak regulation characteristics of wind power. 
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Technical Evaluation of Thermal-Electric Decoupling
Assessment Indexes
Some assessment indexes are put forward to evaluate the impacts of TED. 
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where wind E is the electricity generated by wind turbines during heating season, wind,t P is the wind power at moment t, N is the total sampling size during whole heating season. wind_cur R is the occurrence probability of wind power curtailment (WCOP 
E
respectively represent the avoided curtailing of wind power and wind energy by the participation of an electric boiler, and heat storage and the value of each are shown in Table 2 . 
Calculating Procedures
The calculation of system wind power curtailment indexes involves, as is shown in Figure 6 , two main steps. The first is to sample power system operating conditions. The second is to calculate the indexes by using the sampling data. Firstly, the Monte Carlo simulation technique is used to sample the system operating conditions. The sampling objects include the wind speed probability distribution, the weekly heat curves, and the system load curves, etc.
Secondly, the satisfaction of system peak shaving capacity using Discrimination H in Table 2 is checked. If negative, the stock in heat storage is checked. Once the stock could not supply heat to the heat load, operating electric boilers and storing the heat to heat storage is completed first, then Discrimination B is checked. If the discrimination can be satisfied, wind power curtailment can be avoided, otherwise, the heat should be sent to the heat load and the CHP's electric power output should be reduced, followed by a check of Discrimination C. If the judge result of Discrimination C is positive, wind power curtailment still could be averted, or else, part of the wind turbines need to taken off of the grid to maintain system stability. If the heat supply works, firstly send heat to the heating network and decrease the CHP's electric power output, then check Discrimination D. Non-wind power needs to be curtailed for a positive case, and for a negative case, the electric boiler to increase the system's electric load level and store the heat in heat storage should be started. Then, continue to check Discrimination E. Similarly, wind power curtailment can be avoided if the condition satisfies Discrimination E; otherwise, heat needs to be sent to the heat load for adding another adjustable additional heat source and the electric power output of CHP needs to be further reduced. Then, after checking Discrimination F, once the discrimination could be met, no wind power needs to be curtailed, or certain parts of wind turbines have to be running offline to maintain the grid stability.
Finally, check the stopping criterion. If the maximum sampling times have not been reached, the sampling and calculating process needs to continue; otherwise, the calculating process and calculation of the indexes needs to be stopped.
Modeling and Numerical Simulations
System Modeling
Electric Load Model
The annual weekly electric load curve is presented in Figure 7a , the heating season starts from the 40th week and lasts to the 12th week of the next year. From the Figure 7a , it could be discovered that the load level increases with the beginning of heat season and peaks at the end of a year [25, 26] , then goes down with the coming of non-heat season. Figure 7b presents the hourly electric load curves for different seasons and reveals that, although the occurrence time and duration of peak load are different from season to season, the vale load emerges and fades away at a similar period. 
Heat Load Model
The daily heat load level curve is illustrated as below in Figure 8 , from which it could be detected that the heat load is relatively low at the beginning and ending period of the heating season compared with the middle of winter due to the change in the weather, assuming the heat load is stable and continuous during the daytime. 
Wind Farms Model
Weibull's distribution is employed to generate the hourly wind speed data, and its probability density function is as below:
where k and c are the shape parameter and scale parameter of the two-parameter Weibull's distribution, respectively. The available wind power output of a single wind turbine could be calculated by non-linear equations between wind speed and wind power output below:
where v is the wind speed, v ci is cut-in wind speed, v r is rated wind speed, v co is cut-out wind speed, P wind,t is wind power output and P r is rated wind power. The power output of the wind farm could be determined as below:
WF, wind, , 1
where α is the wake effect coefficient of wind farm. N w is the number of wind turbines within the wind farm. 
General Situation of Simulation
Numerical simulations are conducted on a local grid in an area of Northeast China. The gross installed capacity of this area is 3250 MW, and the proportion of each electric source is exhibited in Table 3 . The wind farm is constituted by 400 Envision-1.5-100 wind turbines (Envision Energy Limited, Jiangyin, China), ant the gross installed generation power is 600 MW and the wind power integration rate is about 18.5%. Each unit's rated power is 1.5 MW, and the cut-in wind speed, rated wind speed and the cut-out wind speed is 3, 14 and 25 m/s, respectively. In the simulations, Weibull's distribution is employed to generate the hourly wind speed data, and the wind farm is assumed to be single which means the degree of correlation between wind farms is 1, the wake effect coefficient of wind farm assumed to be 0.9. The scale parameter and shape parameter of the wind speed Weibull's distribution are 1.96 and 5.54 [27, 28] . The electric power and heating power output intervals of the CHPs are illustrated in Table 4 . Figure 9 illustrates the weekly wind power curtailment occurrence probability and wind energy curtailment rate without the participation of TED. It obviously demonstrates that both values are quite high when heading into heat season, which is reason from the low load level and the beginning of "Ordering Power by Heat" police during this period. While, followed the increase of load level, the values go down until reaching and holding a vale value during the late winter. Then, the values roll up with the close of heating season due to a similar reason as at the beginning of the heating season. Figure 9 . The weekly wind power curtailment occurrence probability (WCOP) and wind energy curtailment rate (WECR) during heat season without TED. Figure 10 shows the hourly curtailed wind energy during the whole heating season. It apparently states that the majority of wind energy was curtailed during the nighttime, especially from 11 p.m. to 5 a.m. the next day. Assuming all of the extraction turbo-generator units are configured with TED, the total heat power from outside heat sources increased from 0 to 420 MW, the heat power output of heat storage and electric boiler was 1:1, and the heat storage capacity was set to be one to six times of total heat power output. From the simulation results of wind power curtailment occurrence probability (WCOP) and wind energy curtailment rate (WECR) in Figure 11 , it could be detected that the involvement of TED could effectively avoid wind power curtailment, with the power increase of an outside heat supply the occurrence probability of wind power curtailment and wind energy curtailment rate drop rapidly. Irrespective of the construction and operating cost of the TED system, the WCOP could be decreased from about 50% to 10% and the WECR could nearly vanish from roughly 35%. The tankage of heat storage vividly affects the effectiveness of TED when it is not considerably large, while as the tankage could provide over 3 h of heat, the changes of wind power curtailment occurrence probability and wind energy curtailment rage caused by different heat storage volumes are unapparent.. It results that, with the enlarging of the tankage of heat storage, the limit of it becomes weakened, and the power of outside heat resources play a more important role in avoiding power surplus. Since the effectiveness of the change of heat storage's tankage is weak when it could store more than 3 h of energy, the following simulation results are achieved under the condition of E hs = 3h × (H hs +H eb ). Figure 12 presents the TED's wind power consumption ability and the wind energy consumption proportion by different parts of TED. Without the participation of TED, approximately 98.9 GWh of wind energy has to be curtailed to maintain the power system balance. From Figure 12 , it could be detected that, with the increasing power of outside heat source, the TED could lessen the electricity curtailment remarkably. With the same heat output power, the avoidance of the curtailment of electricity by the electric boiler is larger than by heat storage, mostly since the electric boiler not only could provide outside heat energy to heat loads but also boost the electric load level during peak vale period to consume more electricity. The hourly wind power consumption destination within a typical day is shown in Figure 13 . Without the coordination of TED, the curtailed wind power is rather large during the valley load period.
Simulation Results
While, after the operation of TED (420 MW, 1260 MWh), the wind power curtailment releases dramatically, the avoided wind power curtailment by different parts of TED is also shown in the Figure. The percentage of heating sources under different TED heating power outputs are presented in Figure 15 . Most of the time, the surplus wind power could be consumed by releasing heat from heat storage or absorbed by the electric boiler directly, which means that the electric boiler transforms electricity into heat and saves the heat into heat storage if necessary but releases it to the heat network directly. Thus, the value concerning heat storage is greater than the electric boiler. Figure 15 . The proportion of heat source during the TED working period.
Conclusions
This paper analyses the cause of the high wind power curtailment rate during the heating season and proposes a thermal-electric decoupling scheme to enhance the system's wind power consumption capacity. The effects of the analysis of thermal-electric decoupling and the method to calculate its assessment indexes are provided. The Monte Carlo simulation technique is employed to conduct case studies, and the results show that the proposed approach could relieve the amount of wind power curtailment caused by the "Ordering Power by Heat" policy during the heating season. By introducing 240 MW TED power and 1260 MWh heat storage capacity, the wind energy curtailment rate could be remarkably reduced to about 3% from 35%. Hence, the introduction of TED could improve the ability of the power system to accommodate wind power, from 186 to 275 GWh in the same conditions as above, and enrich the thermal source for heating systems, of which approximately 18% of the heat energy could be supplied by TED.
